A model involving an additional contribution to Io's ultraviolet (UV) aurora is presented. A mechanism for heating of electrons of Io's ionospheric plasma up to sufficient energies for the excitation of Io's atmospheric oxygen and emitting of observed UV emission is proposed. The mechanism operates by the effect of the different magnetization of the electrons and ions in Io's ionosphere which in the course of Io's motion through the Jovian magnetic field causes the creation of a charge-separation electric field in the upstream part of the ionosphere. This field has a component parallel to the magnetic and shifts the electron distribution function relative to the ion distribution function by a value exceeding the thermal velocity of electrons. In this case, a Bunemann instability with a very large growth rate develops. This results in the excitation of turbulent pulsations at frequency close to the ion-sound frequency and the occurrence of anomalous resistance to the electric current. The latter causes heating of Io's ionospheric electrons up to a temperature of about 25 eV. Atmospheric oxygen molecules excited by collisions with the heated electrons of Io's ionosphere, whose density is about 6 × 10 4 cm −3 , can contribute to the observed UV brightness. The proposed model permits one to explain the correlation of UV brightness with Io's magnetic longitude and the discrepancy between the anti-Jovian equatorial UV spots and sub-Jovian spots as well.
Introduction
The Jovian satellite Io plays an important role in many processes occurring in the Jovian magnetosphere and ionosphere. Io is surrounded by an atmosphere, and knowledge of its composition and properties is necessary for the understanding of interaction between the satellite and the Jovian magnetosphere. Important information on the atmosphere comes from observations in the ultraviolet (UV) wavelength range. Papers [Ballester et , 1987; Clarke et al., 1994; Durrance et al., 1995; Fox et al., 1997 ] report on observations of Io and its vicinity in the UV lines of oxygen OI and sulfur SI atoms. However, small spatial resolution precluded the study of the spatial structure of this radiation in these experiments. The situation changed after the Space Telescope Imaging Spectrograph (STIS) was mounted on the Hubble space telescope. Even the first observations of UV emission from Io's atmosphere performed with the use of STIS displayed very interesting results [Roesler et al., 1999; Saur et al., 2000; Retherford et al., 2000] . Two brightest sources of UV emission above Io's limb near its equator (which they called "equatorial spots", Fig. 1 ) were observed. The sources are about 200 km above Io's surface and extend several hundred kilometers above this altitude. Their position is shifted with the Jovian magnetic field orientation at Io. The brightness of the equatorial spots can reach 2500 Rayleigh in OI 1356 A line and the anti-Jovian equatorial spots are 20% brighter than the sub-Jovian equatorial spots. It is also found that the brightness of the emissions is correlated with Io's magnetic longitude and, therefore, also with Io's distance from the plasma torus centrifugal equator. Saur et al. [2000] proposed a model for explaining the features of the equatorial spots. For their analysis they used oxygen OI 1356Å because it is representative of the radiation patterns of other observed oxygen and sulfur multiplets. According to their model, the electrons from Io's plasma torus are convected into Io's atmosphere and excite neutral oxygen and sulfur due to inelastic collisions. This mainly takes place on the flanks and the upstream side. The maximum number of collisions and maximum UV emission occur on Io's flanks where the atmospheric density is maximum. Their model also gives an acceptable explanation for why the anti-Jovian equatorial spots are brighter than the sub-Jovian equatorial spots and why the equatorial spot location are correlated with the Jovian magnetic fields orientation. Owning to the anisotropic conductivity of ionosphere and to the induced Hall electric field, the electrons on the sub-Jovian side before reaching the sub-Jovian flanks, traverse the upstream atmosphere where they lost part of their energy, while the electrons on the anti-Jovian side deposit their energy directly on the flank. This produces the observed brightness asymmetry. However, they could not explain the observed brightness of the equatorial spots. Their model yields a peak intensity of ∼ 130 Rayleigh only in comparison to the observed maximum intensity of ∼ 2500 Rayleigh.
To match the observed brightness with the model one, Saur et al. [2000] conclude that the mixing ratio [O]/[SO 2 ] must be ∼ 20% in the upper atmosphere, which is much higher than the ratio predicted (∼ 1%) with the diffusive photochemical model by Summers and Strobel [1996] .
We believe that the problem of the model of Saur et al. [2000] is that the temperature of electrons which penetrate on the flanks of Io's atmosphere and collide with neutral oxygen and sulfur is too low. It is no more than 5 eV [Saur et al., 1999] , while the transition energy is about 10 eV in the UV lines. That is why the electrons of a high-energy tail of the electron distribution function contribute into the UV emission only. Note here that the high density of plasma observed in the Io's wake required a supplemental ionization source beyond the thermal electrons of the Io torus [Dols et al., 2008] .
In the next section, we will show that an effective mechanism of heating of the ionospheric electrons up to sufficient energies for the effective excitation of Io's atmospheric atoms and generation of the observed UV radiation is realized in Io's ionosphere.
Heating Mechanism of Ionospheric Electrons and Generation of UV Emission
The electrodynamic interaction between Jupiter and its satellite Io occurs mainly in a rather dense Io ionosphere, which is separated from the surface by a layer of neutral gas (regions 2 and 1 in Fig. 2 ). The motion of Io induces an electric field in the Io ionosphere
where B 0 is the Jovian magnetic field at Io's orbit, V is Io's velocity with respect to the co-rotating Jovian magnetospheric plasma, and c is the speed of light. This electric field cannot directly accelerate the particles since it is perpendicular to the magnetic field. However, due to the anisotropic conductivity of the satellite ionosphere, the electric field E i induces Pedersen electric currents along E i and tends to generate also Hall currents whose direction in the ionosphere of Io's upstream side is approximately orthogonal to the moon surface. Hall currents cannot be closed through the surface due to the neutral atmosphere near the surface. Therefore, a considerable separation of charges occurs in Io's ionosphere. In Io's ionosphere, the electrons are magnetized more stronger than the ions, namely, ω 2 e τ 2 e 1 and ω e τ e ω i τ i ( ω e and ω i are the electron and ion gyrofrequencies, respectively, τ e = (ν ei + ν en ) −1 and τ i = ν −1 in , ν ei , and ν en are the frequencies of collisions of electrons (e) with ions (i) and neutrals (n), ν in is the frequency collisions of ions (i) with neutrals (n)). The longitudinal component of the electric field is maximum when the incoming planetary magnetic field lines are almost tangential to Io's surface [Zaitsev et al., 2003] . In this case,
where B is the planetary magnetic field near Io.
The electric field E accelerates all ionospheric electrons till the moment when the force eE is placed in equilibrium with the fraction force caused by collisions between electrons and neutral particles. According to the estimates made by Zaitsev et al. [2003] , the arising mean electron velocity appears to be greater than the thermal electron velocity. This leads to the onset of Bunneman instability and additional heating of electrons. The most efficient channel for electron cooling in Io's ionosphere is the electron thermal conductivity along the magnetic field. The electron temperature is determined from the condition of a balance between the electron heating (due to the Bunneman instability) and the rate of cooling down (due to the electron heat conductivity). For the parameters at the maximum of Io's ionosphere, namely, the electron density n e 4 × 10 4 cm −3 , the density of neutral particles at the maximum of the ionosphere n m 4 × 10 10 cm −3 , and the electron temperature T e > 0.1 eV, we find that the temperature of heated electrons can reach [Zaitsev et al., 2003 [Zaitsev et al., , 2006 ] T h ≥ 25 eV. As an example, Fig. 3 shows the function of oxygen excitation in the UV line OI 1356Å. It is seen in this figure that for T h ≥ 25 eV the excitation cross section is high enough and the heated ionospheric electrons can effectively excite ultraviolet lines of oxygen. [Kanik et al., 2003 ].
In crossed electric E i and magnetic B fields, the heated ionospheric electrons are mixed into Io's flanks. The electrons collide with the atoms and molecules of Io's atmosphere and create UV aurora. Using the excitation cross section presented in Fig. 3 , it is easy to estimate the UV photon flux in the OI 1356Åline. The choice of the line is also convenient because in this case the transitions are semi-forbidden and, therefore, the optical depth of the source is less than unity, i.e., the source is optically thin [Saur et al., 2000] . In this case, the UV photon flux in such collisions can easily be estimated from the formula
where σ(E) is the electron impact cross section, E is the energy of electrons, n h is the density of hot electrons, n a is the density of oxygen atoms, m e is the electron mass, and L is a typical size of the region of collisions along the line of sight. Assuming for estimates that the abundance of oxygen atoms in the Io's ionosphere is 1%, the mean column density of Io's atmosphere is 10 16 cm −2 , and the temperature of hot electrons is 25 eV, we find that the the brightness of an ultraviolet source on Io's flanks can reach F 2800 Rayleigh. The obtained value is in good agreement with the observed maximum intensity, which is ∼ 2500 Rayleigh.
Discussion
In the previous section we showed that the heating of electrons in Io's ionosphere due to the electric field of charge separation makes it possible to increase the electron energy up to values sufficient for the effective excitation of neutral atoms of the ionosphere and generation of the observed UV radiation from the sources on Io's flanks.
As is shown in Zaitsev et al. [2003] , the electric field of charge separation and the heating of ionospheric electrons occur on the upstream side of Io, where the planetary magnetic field lines are almost tangential to Io's surface. This condition is fulfilled in the near-equator regions of Io's ionosphere. It was mentioned in the previous sections that the electrons heated on the upstream side of Io in crossed electric and magnetic fields shift towards the satellite flanks with velocity approximately equal to the velocity of the incident plasma flux of Io's torus. At the same time, a cloud of heated electrons extends along the magnetic field lines with the ambipolar diffusion. Estimates show that this velocity is much lower than the velocity of plasma shift towards the satellite flanks. Hence, the electrons heated on the flanks and the UV sources stipulated by these electrons turn out to be concentrated near the equator, namely in the region where the magnetic field is almost tangential to the satellite surface and change their position with the variation in the orientation of the local Jovian magnetic field. Moreover, the electric field of charge separation and the heating of electrons are proportional to the local planetary magnetic field on the upstream side of Io's ionosphere. Since the value of the planetary magnetic field along Io's orbit changes with the variation in Io's magnetic longitudes, the heating of ionospheric electrons changes as well. Therefore, the brightness of the equatorial UV sources appears to be correlated with Io's magnetic longitudes and with Io's distance from the centrifugal equator of the plasma torus.
The Hall electric field not only stipulates the occurrence of the electric field of charge separation and the heating of electrons, but also a variation in the direction of motion of heated electrons in crossed electric and magnetic fields towards Jupiter. As a result, the electrons on the anti-Jovian side of Io move on the flanks closer to Io's surface, i.e., in the denser layers of the atmosphere than the electrons on the sub-Jovian side. According to Eq. 2, the brightness of an anti-Jovian UV source turns out to be higher than the brightness of a sub-Jovian source.
The brightness of UV emission is proportional to the length of the region with the maximum number of collisions along the line of sight (see Eq. 2). This length is much greater on Io's flanks than on the upstream side. In the latter case, this length is determined by the scale of the ionosphere height and does not exceed 100 km. Therefore, the brightness of UV emission from the equatorial spots is significantly higher than the UV emission from the upstream side of Io's ionosphere.
According to Zaitsev et al. [2003 Zaitsev et al. [ , 2006 , the heating is the maximum in the region of the maximum concentration Io's ionospheric electrons. As the distance from Io's surface increases, the temperature of heated electrons and, therefore, the brightness of the UV emission caused by collisions of these electrons with neutrals decrease. Beginning with a certain altitude, the contribution of heated electrons into the UV emission of equatorial spots becomes smaller than the contribution of the Io plasma torus electrons penetrating into the atmosphere (see Saur et al. [2000] ). It is exactly the electron fluxes of Io's plasma torus penetrating into Io's atmosphere that determine the large extension of UV spots in altitude.
